Huntington disease (HD) is an inherited neurological disorder caused by a polyglutamine expansion in the protein huntingtin and is characterized by selective neurodegeneration that preferentially occurs in striatal medium spiny neurons. Because the medium spiny neurons are innervated abundantly by glutamatergic axons from cortical neurons, the preferential degeneration in the striatal neurons supports the glutamate excitotoxicity theory for HD pathogenesis. Thus, glutamate uptake by glia may be particularly important for preventing glutamate excitotoxicity in HD. Although mutant huntingtin is expressed ubiquitously in various types of cells, it accumulates and forms aggregates in fewer glial cells than in neuronal cells. It remains largely unknown whether and how mutant huntingtin in glia can contribute to the neurological symptoms of HD. We generated transgenic mice that express N-terminal mutant huntingtin in astrocytes, a major type of glial cell that remove extracellular glutamate in the brain. Although transgenic mutant huntingtin in astrocytes is expressed below the endogenous level, it can cause age-dependent neurological phenotypes in transgenic mice. Mice expressing mutant huntingtin show body weight loss, have motor function deficits, and die earlier than wild-type or control transgenic mice. We also found that mutant huntingtin in astrocytes decreases the expression of glutamate transporter by increasing its binding to Sp1 and reducing the association of Sp1 with the promoter of glutamate transporter. These results imply an important role for glial mutant huntingtin in HD pathology and suggest possibilities for treatment.
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excitotoxicity ͉ glia ͉ neurodegeneration ͉ polyglutamine ͉ glutamate I n Huntington disease (HD), selective neuronal loss occurs preferentially in medium spiny neurons of the striatum and then extends to other brain regions as the disease progresses (1) . Because medium spiny neurons are innervated by glutamatergic axons from cortical neurons (2), they are particularly vulnerable to glutamate excitotoxicity, a possible pathogenic mechanism for the preferential neurodegeneration seen in the striatum of HD patients (3) . In support of this theory, excitotoxicity of the NMDA receptor, an ionotropic receptor for glutamate, is now associated with HD in various animal models (4, 5) .
The majority of cells in the brain are glia that support the survival of neuronal cells. Astrocytes are the major type of glia and express glutamate transporters that uptake extracellular glutamate to prevent glutamate neurotoxicity (6) (7) (8) . Although mutant huntingtin (htt) is expressed in glial cells in the brains of HD mice and patients (9, 10) , whether and how mutant htt in glia contributes to neuropathology in vivo remains unknown. Because glial cells can be therapeutic targets, establishing a transgenic mouse model expressing mutant htt specifically in glia can help develop treatment for HD.
Current HD mouse models have limitations for studying glial htt contribution, because transgenic htt in these HD mice is either overexpressed in neurons or widely expressed in neuronal and nonneuronal cells. While overexpression of polyQ proteins in the astrocytes of flies (11) or in mice (12) can induce neuropathology, it remains to be investigated whether mutant htt in glia at the endogenous level can induce neurological phenotypes. This is particularly important for validating the pathogenic role of mutant htt in glial cells, as less mutant htt accumulates and forms aggregates in glial cells than in neurons in HD mouse brains (10, 13) . Another important issue is how mutant htt affects glial function if glial mutant htt does contribute to HD neuropathology. Although our early study has shown that mutant htt can affect glutamate uptake in cultured glial cells (10) , the mechanism underlying this defect remains to be understood.
To examine the in vivo contribution of glial mutant htt to HD neuropathology and to investigate the mechanism by which mutant htt affects glial function, we generated transgenic mice that express mutant N-terminal htt fragments in astrocytes. Although transgenic mutant htt is expressed at a lower level than endogenous normal htt, it can induce age-dependent neurological phenotypes. Furthermore, we show that mutant htt in astrocytes binds strongly to the transcription factor Sp1 and reduces the association of Sp1 with the promoter of the glutamate transporter gene, leading to lower levels of glutamate transporters and reduced glutamate uptake. Our findings demonstrate that glial mutant htt can contribute to neurological phenotypes and suggest that improving glial function could be an effective route to therapies for HD.
Results
Expression of Mutant htt in Astrocytes of Transgenic Mice. We previously found that mutant htt is expressed in glial cells in HD mouse brains and that fewer glial cells than neurons display nuclear htt aggregates (10, 14) . To generate a mouse model that selectively expresses mutant htt in glial cells, we constructed a vector that expresses htt under the control of the human glial fibrillary acidic protein (GFAP) promoter (Fig. 1A) , an astrocytic promoter that has been widely used to express a variety of genes in astrocytes (15, 16) . We verified that this promoter can specifically drive the expression of transfected htt in cultured astrocytes, but not in non-glial HEK293 cells (Fig. S1 ). Furthermore, transfected mutant htt formed small aggregates in a cultured glioma cell line (Fig. S1 ), confirming the expression and accumulation of mutant htt in glial cells.
We then began pronuclear injection of GFAP-htt vectors to generate transgenic mice. Based on the findings that N-terminal htt fragments are more toxic than full-length mutant htt (13, 17) , we used cDNAs encoding the first 208 amino acids with 23 or 160 This article is a PNAS Direct Submission. 1 To whom correspondence may be addressed. E-mail: xli2@emory.edu or sli@emory.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0911503106/DCSupplemental. glutamines (Q) in the polyQ domain and generated three founders for htt-23Q and five founders for htt-160Q (GFAP-HD) mice. By using Western blot analysis or immunocytochemistry, we identified that three GFAP-HD mouse lines (line-1, -11, and -31) show detectable mutant htt in their brains. Western blot analysis revealed that htt-160Q is expressed in various brain regions including the cerebellum, brainstem, striatum, and cortex (Fig. 1B) . Similarly, htt-23Q is also expressed in various brain regions (Fig. S2) . To verify the expression of transgenic htt in astrocytes, we cultured astrocytes from GFAP-HD mouse brains. Western blots with 1C2 clearly detected the expression of transgenic mutant htt (Fig. 1C) .
Immunostaining of GFAP-HD transgenic mice shows an obviously low density of mutant htt-positive cells in their brain sections (Fig. S3) . Htt-160Q is expressed in glial cells in various brain regions, including the brainstem and striatum, but accumulates and forms more nuclear aggregates in glial cells in the brainstem and spinal cord. This is consistent with the finding that the GFAP promoter drives the expression of transgenes in astrocytes in the spinal cord of adult mice (18) . The low density of mutant htt labeling, which was not seen in wild-type mouse brain under the same staining condition, reflects the restricted expression of mutant htt in glial cells.
Level of Transgenic htt-160Q Is Below That of Endogenous Mouse htt.
Using primers that specifically amplify transgenic human htt transcript, we found that the transcription level of htt-160Q is lower than in htt-23Q and N171-82Q mouse brains, as well as lower than in HD KI mouse brains, which express mutant htt at the endogenous level (Fig. 1D) . To compare the expression levels of transgenic htt and endogenous mouse htt in the same astrocytes, we isolated astrocytes from wild-type and htt-160Q transgenic mice for RT-PCR. The cultured astrocytes allowed us to perform RT-PCR with primers that amplify the repeat region, such that the transgenic htt and endogenous mouse htt could be distinguished in the same cells under the same PCR conditions. The results also showed that the levels of transgenic htt are lower than endogenous mouse htt in cultured astrocytes (Fig. 1E) . We further used different primers that can amplify mouse and human htt transcripts together of the same sequences and length. We observed that the level of htt in transgenic astrocytes is slightly higher than in wild-type astrocytes, also suggesting that the additional expression of transgenic mutant htt is at a low level (Fig. 1F) .
The low expression level of transgenic mutant htt is also suggested by the limited number of brain cells showing mutant htt staining (Fig. S3) . To confirm this, we compared htt staining in the same brain cortex regions from GFAP-HD mice and N171-82Q mice that express N-terminal mutant htt under the control of the neuronal prion promoter (19) . It is clear that htt-160Q is expressed in few glial cells in the GFAP-HD mouse brain whereas N171-82Q htt is much more abundant in neuronal cells ( Fig. 2A) . The low density of mutant htt staining in GFAP-HD mice also suggests that the expression of transgenic htt is restricted to glial cells.
Increased Gliosis in Aged GFAP-HD Mouse Brain. Examining the brain morphology of GFAP-HD mice at light or electron microscopic levels revealed no obvious morphological abnormalities or death of neurons or glial cells. However, in older GFAP-HD mice (Ͼ1.5 years), there is an increase in GFAP staining in the cortex, striatum, brainstem, and cerebellum (Fig. S4A ). Increased GFAP levels were also seen in cultured astrocytes from GFAP-HD mice as compared to littermate wild-type controls (Fig. S4B ). In the brain, increased GFAP staining reflects reactive astrocytes, an early event in neurodegeneration. Highmagnification graphs show that mutant htt is distributed and forms small aggregates in both the cytoplasm and nucleus of large-sized glial cells (Fig. 2B ), which are reactive astrocytes. Double immunostaining clearly demonstrates that GFAPpositive astrocytes express htt-160Q in the large astrocytes (Fig.  2C ). Such double labeling was not seen in the glial cells that had a similar morphology in wild-type mouse brain, and NeuNpositive neurons do not display mutant htt staining. Although the GFAP promoter can also drive transgene expression in a RT-PCR analysis of the transcript levels of transgenic htt in mouse brain cortex. Primers for transgenic human htt were used for PCR. GAPDH was also amplified and served as an internal control in the same PCR to generate the ratios of transgenic htt to GAPDH. RT, reverse transcriptase. (E) Cultured astrocytes from wild-type (WT) and GFAP-HD mouse cortex tissues were analyzed using the primers crossing over the CAG repeat for distinguishing htt-160Q (arrowhead) and endogenous mouse (arrow) htt transcripts. (F) RT-PCR analysis of cultured astrocytes using the primers that are common to both mouse and human htt sequences. Note that the transcriptional levels of htt in two cultures of htt-160Q astrocytes are slightly higher than in wild-type astrocytes, suggesting that additional transgenic htt expression is at a low level.
subset of neurons during embryogenesis (20), we did not detect the expression of mutant htt in neurons or microglial cells in our GFAP-HD mice, which is consistent with the fact that the GFAP promoter primarily expresses transgenes in astrocytes (15) . Electron microscopic examination of the brain of an htt-160Q-1 mouse at 26 months of age did not reveal any obvious evidence of cellular degeneration (Fig. S5) . It is possible that expression of mutant htt in both neurons and glia is required for prominent cell degeneration. Because we found no obvious degeneration of neurons and glia in GFAP-HD mouse brain, we believe that the expression of mutant htt in glial cells is more likely to cause cellular dysfunction than degeneration. This possibility is also consistent with the fact that neuronal dysfunction rather than overt neuronal loss mediates severe neurological phenotypes and early death of some HD mouse models (19, 21) and that neuronal dysfunction can be induced by defective astrocytes in the absence of neurodegeneration (18) .
Age-Dependent Neurological Phenotypes and Glutamate Transport
Deficiency in GFAP-HD Mice. GFAP-HD mice developed late-onset neurological symptoms. Three lines of GFAP-HD mice all show similar neurological phenotypes, which are body weight loss, clasping, and hunchback appearance (Fig. 3 A and B and Movie S1). Such phenotypes also occurred in the mice that had been crossed with mice of the B6C3 genetic background and carried the same htt-160Q (right panel in Fig. 3A) . Earlier death occurs in all three GFAP-HD mouse lines (Fig. 3C) . Body weight loss is seen when mice are Ͼ16 months old, but motor deficit as measured by rotarod performance could be detected earlier, at the age of 1 year (Fig. 3 D and E) . Once GFAP-HD mice show obvious motor deficit, their behavioral phenotypes progressively worsen, and they often die 1-2 weeks after the onset of severe symptoms. Thus, there is clearly an age-dependent neurological phenotype in GFAP-HD mice.
Because glutamate transporter (GLT-1 or EAAT2) transcripts are decreased in other HD mouse models (22, 32) and in cultured glial cells expressing mutant htt (10), we were interested in investigating whether GFAP-HD transgenic mice also show decreased glutamate transporters in their brain. Western blot analysis showed that GLT-1, but not glutamate/aspartate transporter (GLAST), is reduced in GFAP-HD mouse brains (Fig.  4A) . RT-PCR analysis of cultured astrocytes also demonstrates that GLT-1, but not GLAST, is reduced specifically in GFAP-HD astrocytes (Fig. 4B) . Furthermore, there is significantly reduced glutamate uptake in the brain cortex-striatum slices from GFAP-HD mouse brains (Fig. 4 C and D) . To better analyze the repeat-dependent effect in glial nuclei, we tagged transfected htt proteins with NLS to ensure that they had equal access to the nucleus. Immunostaining shows that mutant htt (150Q) forms nuclear aggregates, whereas the normal htt fragment is diffuse in the nucleus of cultured astrocytes (Fig. 5  A and B) . We then performed Sp1 immunoprecipitation from the transfected astrocytes. Although there was less htt-150Q than htt-20Q in the input, more htt-150Q than htt-20Q was coprecipitated with Sp1 (Fig. 5C) . Quantification of the ratios of immunoreactive 20Q or 150Q to tubulin verified that the input of 150Q was much lower than that of 20Q while similar amounts of 20Q and 150Q were precipitated (Fig. S6) . Thus, more 150Q than 20Q was precipitated by anti-Sp1, which was verified by measuring the ratio of the precipitated htt to its input (Fig. S6) .
Next we assessed the influence of transfected htt on the promoter activity of the human GLT-1 gene in transfected astrocytes. Small N-terminal mutant htt (67-150Q and 208-120Q) produced more inhibitory effects on GLT-1 promoter activity than a larger N-terminal htt fragment (508-120Q) (Fig.  5D) , which also supports the idea that protein context can modulate htt toxicity (24, 25) . Although transfection of normal exon1 htt (N67-20Q) also elicited some inhibition of the GLT-1 promoter activity, mutant htt inhibited significantly more GLT-1 promoter activity, indicating a repeat-dependent inhibition (Fig. 5D) .
To investigate whether mutant htt reduces Sp1 occupancy of the GLT-1 promoter, we performed a chromatin immunoprecipitation (ChIP) assay using brain tissues from GFAP-HD transgenic mice and littermate wild-type controls. This assay revealed that the presence of transgenic htt-160Q reduces the association of Sp1 with the GLT-1 promoter (Fig. 5E) . Quantitative analysis of ChIP results further confirmed that this reduction was specific to the GLT-1 promoter, but not to the Sp1-regulated PCNA promoter (Fig. 5F ). Taken together, these findings suggest that mutant htt binds more Sp1 and reduces Sp1-mediated GLT-1 expression in astrocytes, which can lead to defective glial glutamate uptake and increased neuronal excitotoxicity.
Discussion
Huntingtin is expressed in various types of cells, including neurons and non-neuronal cells. While our recent studies and others have demonstrated the presence of mutant htt in glial cells (9, 10, 13, 26, 27) , the in vivo role of glial htt in the HD pathology of mice remains unknown. In this study, we show that mutant htt in astrocytes can mediate neurological symptoms in mice.
Our findings support the idea that cell-cell interaction plays an important role in HD pathogenesis (10, 28) . In the brain, glia-neuron interactions are important for maintaining the normal function of neurons. In other neurological disorders that are also characterized by selective neurodegeneration, such as Alzheimer's disease and ALS, non-cell-autonomous effects of mutant proteins and glial dysfunction involvement are well documented (18, 29, 30) . Importantly, our study reveals the contribution of mutant htt in glial cells to HD neurological symptoms even when it is not overexpressed, providing strong evidence for the critical and pathogenic role of mutant htt in glial cells.
The expression levels of transgenic htt, which are controlled by the promoters, the polyQ repeat numbers, and the size of N-terminal mutant htt determine the severity of neuropathology in various HD mouse models (13) . For example, R6/2 mice, in which exon1 htt is abundant in both glial and neuronal cells, show more severe phenotypes (21) , whereas mice expressing the same exon1 protein only in their neurons live normally and show much milder neurological phenotypes (28) . Such differences raised the interesting issue of whether glial mutant htt could contribute to HD pathology. Overexpression of N-terminal htt in neuronal cells by the neuronal prion promoter also elicits severe neurological phenotypes in N171-82Q mice (19) . As N171-82Q mice overexpress mutant htt transcripts at a much higher level than other HD mouse models (13) , it is unclear if transgenic htt RNA toxicity could also contribute to the neuropathology in N171-82Q mice. Thus, different expression levels of transgenes in various types of cells in HD mice make it difficult to define the role of mutant htt in glial cells. Because mutant htt accumulates more slowly in glial cells than in neurons when mutant htt is expressed at the endogenous level in HD knockin (KI) mice, we chose to investigate the role of mutant htt in glial cells when it is not overexpressed.
The low level of transgenic mutant htt in astrocytes in mice could be due to the lower expression of transgenic htt or the greater capacity of glial cells to clear misfolded proteins, or both. Indeed, we have found that there is higher activity of the ubiquitin-proteasome system in glial cells than in neurons (14) . The age-dependent accumulation of mutant htt in astrocytes in our transgenic mice further supports the idea that age-related decreases in the ubiquitin-proteasome system can promote htt accumulation and cytotoxicity. Smaller htt fragments with larger polyQ repeats are known to be more prone to aggregation and misfolding. Notably, our transgenic mice expressing N-terminal htt (208 aa) with 160Q show early death, a phenotype not seen in HD mice that express full-length htt in both neurons and glial cells. Because we see the neurological phenotypes in htt-160Q, but not htt-23Q, transgenic mice, it is clear that these phenotypes are dependent on the length of the polyQ repeat. In addition, we know that protein context can modulate htt toxicity, as HD mice expressing smaller htt fragments often show more severe neurological phenotypes than HD mice expressing full-length htt (31) . Taken together, the expression levels of mutant htt, its protein context, and its expression in different types of cells all contribute to the neurological phenotypes of HD transgenic mice.
Despite the relatively low levels of mutant htt in astrocytes in our transgenic mice, this model allows us to investigate HD pathology that is not the result of overexpressed mutant htt in glial cells. Although previous findings have shown that mutant htt reduces GLT-1 expression in transgenic HD mice (10, 22, 32) and decreases GLT-1 mRNA and glutamate uptake in the brains of HD patients (33, 34) , the mechanism underlying this phenomenon has not been revealed.
We have demonstrated that mutant htt in astrocytes binds more Sp1 and reduces Sp1 occupancy of the GLT-1 promoter. This finding provides some molecular insight into the phenomenon of GLT-1 expression being decreased in various HD mouse models expressing toxic N-terminal htt fragments (10, 21) . Miller et al. have recently shown that up-regulation of GLT-1 transporter attenuates some of the behavioral alterations in the R6/2 transgenic model (35) , and recent findings reveal that decortication of glutamatergic projections to the striatum significantly lowered striatal glutamate levels and reduced behavioral phenotypes of R6/2 mice (36). Defective glial glutamate uptake as a meaningful pathological change has also been found in ALS, and neuronal dysfunction can be induced by mutant astrocytes in the absence of neurodegeneration (18, 22) . Although our study focused on the effect of glial htt on GLT-1, we should point out that the exacerbating effect of glial htt can also be attributed to other cellular dysfunctions. Astrocytes produce neurotrophic factors and cytokines to regulate the synaptic function and morphology of neurons, and recent studies suggest that astrocytes secrete a substance that kills motor neurons in ALS (8, 37) . Establishing HD models that express mutant htt in glial cells will allow these possibilities to be tested.
Materials and Methods
Antibodies and Plasmids. The sources of all reagents can be found in the SI Text. HD Mice. N171-82Q mice and Hdh CAG (150) knockin mice, which express a 150Q repeat, were bred and maintained in the animal facility at Emory University under specific pathogen-free conditions in accordance with institutional guidelines of The Animal Care and Use Committee at Emory University. To generate GFAP-HD mice, cDNA encoding N-terminal human htt 208 aa containing 23Q, or 160Q was subcloned into the eukaryotic expression vector pGfa2 at the BamHI restriction site. This vector uses the 2.2-kb fragment of astrocyte-specific human glial fibrillary acidic protein (GFAP) promoter (15, 16) . Microinjection of GFAP-HD vectors into the pronucleus of fertilized oocytes from FVB mice was conducted by the Emory University transgenic mouse core facility. Genomic DNA was isolated from mouse tails, and the PCR genotyping method was used for screening transgenic mice. Primers with sequences flanking the polyglutamine repeat were used for PCR. Sequences of the primers are: the forward primer (5Ј-ATGAAGGCCTTCGAGTCCCTCAAGTC-CTTC-3Ј) and reverse primer (5Ј-AAACTCACGGTCGGTGCAGCGGCTCCTCAG-3Ј) were used for PCR. All of the positive founders and their corresponding lines carry the expected length (23Q and 160Q) of the polyQ repeat in transgenic htt.
Western Blot Analysis, Immunohistochemistry, and Mouse Behavioral Analysis.
See SI Text.
RT-PCR.
Total RNA from mouse cortex was isolated using the RNeasy Lipid Tissue Mini kit (QIAGEN #74804). First strand cDNA was obtained using the Invitrogen SuperScript First Strand Synthesis System for RT-PCR (11904-018). RT-PCR of mouse brain htt and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) primers has been described by our laboratory (13) .
Four-to 6-week-old cultured astrocytes were treated overnight with 0.25 mM dBcAMP in serum-free media to increase glutamate transporter expression for RT-PCR. Total astrocyte RNA was collected using the Qiagen RNeasy Mini Kit (74104), and cDNA was produced using the same method as the brain lysate. Primers for GLT-1, GLAST (10), GAPDH, and htt (13) have been previously described in our early studies.
Glial Culture, Glutamate Uptake Assay, GLT-1 Transcription Reporter Assay, and ChIP. See SI Text.
Statistical Analysis. All values are expressed as means Ϯ SE. We assessed statistical significance using Student's t test and considered a P value of Ͻ0.05 significant. Movie S1 (MOV) Movie S1. Video taken of a female htt-160Q (line 1) on the FVB/B6C3 background and her wild-type littermate at the age of 11 months. The htt-160Q mouse displays lethargy, body weight loss, and poor grooming.
